Remotely-sensed identification of ozone stress in crops can allow for selection of ozone resistant genotypes, improving yields. This is critical as population, food demand, and background tropospheric ozone are projected to increase over the next several decades. Visual scores of common ozone damage have been used to identify ozone-stress in bio-indicator plants. This paper evaluates the use of a visual scoring metric of ozone damage applied to soybeans. The scoring of the leaves is then combined with hyperspectral data to identify spectral indices specific to ozone damage. Two genotypes of soybean, Dwight and Pana, that have shown different sensitivities to ozone, were grown and visually scored for ozone-specific damage on multiple dates throughout the growing season. Leaf reflectance, foliar biophysical properties, and yield data were collected. Additionally, ozone bio-indicator plants, snap beans, and common milkweed, were investigated with visual scores and hyperspectral leaf data for comparison. The normalized difference spectral index (NDSI) was used to identify the significant bands in the visible (VIS), near infrared (NIR), and shortwave infrared (SWIR) that best correlated with visual damage score when used in the index. Results were then compared to multiple well-established indices. Indices were also evaluated for correlation with seed and pod weight. The ozone damage scoring metric for soybeans evaluated in August had a coefficient of determination of 0.60 with end-of-season pod weight and a Pearson correlation coefficient greater than 0.6 for photosynthetic rate, stomatal conductance, and transpiration. NDSI [R558, R563] correlated best with visual scores of ozone damage in soybeans when evaluating data from all observation dates. These wavelengths were similar to those identified as most sensitive to visual damage in August when used in NDSI (560 nm, 563 nm). NDSI [R560, R563] in August had the highest coefficient of determination for individual pod weight (R 2 = 0.64) and seed weight (R 2 = 0.54) when compared against 21 well-established indices used for identification of pigment or photosynthetic stress in plants. When evaluating use of spectral bands in NDSI, longer wavelengths in SWIR were identified as more sensitive to ozone visual damage. Trends in the bands and biophysical properties of the soybeans combined with evaluation of ozone data indicate likely timing of significant ozone damage as after late-July for this season. This work has implications for better spectral detection of ozone stress in crops and could help with efforts to identify ozone tolerant varieties to increase future yield.
Introduction
Despite regulations placed on pollutants, tropospheric ozone levels are projected to increase in polluted regions with a warming climate [1] . Concentrations are often higher in rural areas downwind of major pollution centers, often the locations of agricultural production [2, 3] . High ozone concentrations during the summer months, have been shown to negatively influence crop growth and yield through impacts on leaf-level photosynthesis as well as damages to whole-canopy physiology [4] . Soybeans are among the crops that are vulnerable to tropospheric ozone concentrations, and global relative yield losses in 2008 were estimated to be between 6% and 16% [5] . Soybean yield losses on the order of 10% were estimated in the Midwest of the United States in 2005 [6, 7] . Although regionally dependent, global yield losses due to ambient ozone are projected to increase, posing a threat to global food security [8] .
Visual symptoms on ozone-sensitive plants have long been used to aid in pollution monitoring and to understand the effects of ozone on these various species. In the western United States, significant work has been done using pines as bioindicators of ozone damage [9] . Additionally, symptoms such as chlorotic mottling in conifer species have been used to monitor tropospheric ozone in the Pyrenees Mountains in Spain [10] . The impact of ozone on trees is covered in detail by Matyssek et al. [11] . Additional agricultural species, including tobacco plants [12] and snap beans [13] have been evaluated as bioindicator species of ozone. Results have shown significant relationship between foliar injury in tobacco plants and measures of ambient ozone, AOT40, and AOT20 [12] . In Europe, an urban air quality assessment network, the EuroBionet, uses ozone sensitive plants as indicators of air quality [14] .
Identification of plant genotypes that are more tolerant to ozone and more likely to have high productivity in future climates is essential to meeting future projections for global food demand [15] . Selecting crop varieties with ozone resistance could greatly improve agricultural production [8] . Ozone-induced damage to crops is associated with decreases in photosynthesis and also leads to visible damage on the leaf, such as accelerated senescence, decreased leaf area, reduction in leaf green area [16] , and cell death resulting in necrosis of plant cells [17] . Many studies have documented ozone-induced leaf injury on species that are particularly ozone sensitive [18] . These species, such as snap bean, common milkweed, and cutleaf coneflower are good bioindicators of ozone-induced injury [13, 19, 20] . A field guide for how to score ozone damage based on foliar systems was developed by experts in tropospheric ozone and plant physiology and is available online at https://science-edu.larc.nasa.gov/ozonegarden/pdf/Bio-guide-final-3_15_11.pdf [21] . Visual foliar damage of ozone can also be detected in soybeans [22, 23] .
Using visible signs of ozone damage on plants aids in optical remote sensing detection of ozone stress on plant species. Studies have shown that reflectance in the visible bands was most sensitive to ozone damage in crop species due to chlorosis symptoms, the yellowing of the leaves due to foliar loss of chlorophyll [24, 25] . Hyperspectral data, in particular, can better show the increase in visible (VIS) reflectance in ozone damaged plants, specifically in the region of chlorophyll absorption (590-690 nm) and Ustin and Curtiss et al. (1990) recommended high spectral resolution (5 nm) for ozone stress detection after investigating the applicability of using various spectral resolutions to detect ozone-induced spectral variation in tree species [26] . Spectral reflectance indices have been used to evaluate ozone effects on plants including identifying changes in photochemical reflectance index (PRI) in plants exposed to elevated ozone [27, 28] . PRI can be a useful index for soybean leaf assessment of ozone stress [29] because of its indication of de-epoxidation of the xanthophyll pigments, a phenomenon that has been reported to occur in biochemical analyses of plants exposed to elevated ozone [30, 31] . Previous studies have also evaluated PRI and other spectral indices for several soybean genotypes at various ozone concentrations [32] .
No studies, however, have used visually scored soybean leaves as indicators of specific leaves under ozone stress combined with high resolution leaf reflectance measurements to identify a normalized difference spectral index (NDSI) specific to ozone stress. In this study, we examine the potential of using visual ozone damage scores of chlorosis and necrosis, developed by experts in surface ozone and plant physiology, on two genotypes of soybeans with differing ozone sensitivity as well as two other bioindicator species, common milkweed and two genotypes of snap beans, to identify specific spectral bands sensitive to ozone damage. The bioindicator species were included for comparison purposes because the visual scoring protocol was developed for these plants that show specific symptoms when exposed to high levels of ambient ozone. In addition to identifying NDSI best correlated to the visual scores for all three species, use of high resolution spectral bands (3 and 9 nm widths) are also investigated as current and future hyperspectral satellite missions like EnMAP and HyspIRI will have 10 nm spectral resolution.
For the soybean genotypes, the newly developed NDSI as well as several existing indices are examined for correlations to seed and pod weight. Several studies have investigated the use of vegetation indices to predict crop yield for multiple species [33, 34] , including soybeans [35, 36] . An index specific to ozone damage, such as the NDSI developed in this study, may be useful to incorporate into yield prediction as well.
The application of the visual scoring system to soybeans is evaluated by its correlation to end-of-season seed and pod weight as well as to physiological changes in leaves exposed to high ozone concentrations such as photosynthetic rate [37] [38] [39] [40] and stomatal conductance [41, 42] . Studies have shown that with increasing time that ambient ozone levels are above 40 ppb, photosynthetic rate decreases [43] ; hence, comparing photosynthetic rate in ozone sensitive and ozone tolerant varieties and investigating correlations between ozone damage scores and photosynthetic rate is important to evaluate whether the leaf scores can be used to help detect remotely-sensed ozone stress on the plants. Stomatal conductance and transpiration rates have also been studied for soybeans grown in differing ozone concentrations and were reduced at higher concentrations, so they may also be helpful for evaluating the leaf scoring protocol [44, 45] . Correlating visual ozone damage scores to seed and pod weight is new to this study; however, multiple studies have shown reduction in seed weight and yield that have correlated to ambient ozone levels [7, 8, 46, 47] . In this study, we also investigate 8-h average ozone concentrations for the growing season in accordance with temporal patterns of ozone sensitive spectral bands and physiological properties of the soybean leaves to identify likely timing of ozone damage on the plants.
Materials and Methods

Experimental Site
An ozone garden was established in 2012 at the Saint Louis Science Center (SLSC) in St. Louis, MO, USA (38 • 37 N, 90 • 16 W). The garden is an educational and public outreach facility allowing for both observing and quantifying ozone damage to plants. Several bio-indicator plants that show pronounced visual symptoms of ozone damage are grown at this location to increase public awareness of the effects of high levels of tropospheric ozone. In 2015, 16 plants of two genotypes of soybean (Glycine max) were grown along with 12 plants of common milkweed (Asclepias syriaca), and 16 plants of two genotypes of snap beans (Phaseolus vulgaris). The soybean varieties, Dwight (O 3 sensitive) and Pana (O 3 tolerant), were selected for their previously shown sensitivities to ozone [48] . An ozone sensitive (S156) and tolerant (R123) variety of snap bean were also selected. The garden was planted in early May with the soybeans and snap beans in two rows each with 12-inch spacing between plants, therefore soil conditions, including soil moisture levels, were kept the same for both genotypes of the snap beans and soybeans. This allowed for the foliar visual and biophysical differences between the genotypes to be isolated to their sensitivities to ambient ozone.
An ozone monitor, (Model 106-L, 2BTechnologies, Boulder, CO, USA), providing 15-minute resolution ambient ozone concentration data, was present on-site. Measurements are available at http://go3project.com/network2/index.php/pages/ozone-data. The readings have been shown to be consistent with archived data at Missouri's Department of Natural Resources (DNR). Data was missing for July and August and was imputed using data from nearby sites at Grant's Farm and Southwestern Illinois College; locations also a part of the GO3 network. Linear regression was used to predict missing ozone concentrations at SLSC based on ozone concentrations and atmospheric conditions at the other two sites. Atmospheric conditions were included in the model based on correlations with ozone. The method was validated using data from 2014, which did not have gaps in the data for July and August. The mean difference between actual and imputed ozone levels for 2014 data was 2.0 ppb and fifty percent of the differences were between -1.6 ppb and 5.2 ppb. Once data was imputed from the neighboring stations, 8-h average ozone concentrations from 10:00 am-5:00 pm were then calculated along with AOT40, a measure of the ozone concentrations above 40 ppb, for 30 days prior to each observation date. Ozone concentrations of 40 ppb have been shown to be a critical threshold for ozone damage to vegetation [49] [50] [51] . For this study, the hours and concentration of ozone above 40 ppb increased from 1089 ppb h for the 30 days prior to 21 July to 2456 ppb h for the 30 days prior to 18 August (Figure 1 ). Figure 1 . Daily 8-h ozone averages between 10:00 am-5:00 pm, and AOT40 calculated for 30 days prior to each observation date.
Visual Scoring of Ozone Damage
Visual damage of common foliar ozone symptoms was examined for each of the plant species throughout the growing season. Soybeans were scored on five separate days between late June and early September. Single leaves of each plant were scored for chlorosis, necrosis, and stippling, common ozone-related symptoms, and given a score for each category based on the percentage of the leaf damaged. The same individual scored all plants following guidelines from Ladd et al.'s Ozone-Induced Foliar Injury Field Guide [21] . Care was taken to identify ozone related damage, distinguished from other types of damage such as mold or insects. Stippling for soybean leaves was never more than a score of 2 and scoring was dropped after mid-July. Beginning 18 August 2015, soybean plants were given a whole plant score and a leaf representative of the score was chosen for spectral and physiological measurements. The protocol was changed and new leaves representative of the whole plant score were selected at this point because of the loss of several leaves that had been marked and were scored prior to August. Common milkweed leaves were scored in all three categories on six separate dates throughout the growing season. Snap beans were harvested in late- 
Visual damage of common foliar ozone symptoms was examined for each of the plant species throughout the growing season. Soybeans were scored on five separate days between late June and early September. Single leaves of each plant were scored for chlorosis, necrosis, and stippling, common ozone-related symptoms, and given a score for each category based on the percentage of the leaf damaged. The same individual scored all plants following guidelines from Ladd et al.'s Ozone-Induced Foliar Injury Field Guide [21] . Care was taken to identify ozone related damage, distinguished from other types of damage such as mold or insects. Stippling for soybean leaves was never more than a score of 2 and scoring was dropped after mid-July. Beginning 18 August 2015, soybean plants were given a whole plant score and a leaf representative of the score was chosen for spectral and physiological measurements. The protocol was changed and new leaves representative of the whole plant score were selected at this point because of the loss of several leaves that had been marked and were scored prior to August. Common milkweed leaves were scored in all three categories on six separate dates throughout the growing season. Snap beans were harvested in late-July and were only given visual scores on two separate dates prior to harvest. Photographs of progression of visible foliar ozone damage from each plant species are shown in Figure 2 . July and were only given visual scores on two separate dates prior to harvest. Photographs of progression of visible foliar ozone damage from each plant species are shown in Figure 2 . 
Leaf Spectral Data
Both soybean genotypes, snap bean genotypes, and the common milkweed plants were measured for their VIS, near infrared (NIR), and shortwave infrared (SWIR) (350-2500 nm) reflectance using a high-resolution full-range PSR+ 3500 (portable spectroradiometer, Spectral Revolution, Inc. Lawrence, MA, USA). A leaf clip with an integrated white reference and light source was used with the PSR+ 3500 to obtain high resolution leaf reflectance of a 3 mm spot on the same leaves that were scored for ozone damage for each plant species. In June and July, spectral signatures were collected for the specific leaves that were visually scored for ozone damage. For August and September, however, the plant was given a whole plant visual score and spectral signatures were collected for the leaf most representative of that score. All measurements were taken between 10:00 a.m.-12:00 p.m. during clear skies on four separate days for the soybeans and common milkweed between 30 June 2015 and 1 September 2015 and on two separate days (30 June 2015 and 21 July 2015) for the snap beans. Observation dates for each species are presented in Table 1 . 
Both soybean genotypes, snap bean genotypes, and the common milkweed plants were measured for their VIS, near infrared (NIR), and shortwave infrared (SWIR) (350-2500 nm) reflectance using a high-resolution full-range PSR+ 3500 (portable spectroradiometer, Spectral Revolution, Inc. Lawrence, MA, USA). A leaf clip with an integrated white reference and light source was used with the PSR+ 3500 to obtain high resolution leaf reflectance of a 3 mm spot on the same leaves that were scored for ozone damage for each plant species. In June and July, spectral signatures were collected for the specific leaves that were visually scored for ozone damage. For August and September, however, the plant was given a whole plant visual score and spectral signatures were collected for the leaf most representative of that score. All measurements were taken between 10:00 a.m.-12:00 p.m. during clear skies on four separate days for the soybeans and common milkweed between 30 June 2015 and 1 September 2015 and on two separate days (30 June 2015 and 21 July 2015) for the snap beans. Observation dates for each species are presented in Table 1 . Because 3 samples were taken for each plant and then averaged together, a total of 192 spectral samples from 64 different plants were collected for the soybeans, 78 spectral samples from 26 plants for the snap beans, and 117 spectral samples from 39 plants for the common milkweed.
Leaf Gas Exchange, Photosynthetic Rate, and Chlorophyll Content
Each leaf that was selected for spectral analysis was also analyzed simultaneously for gas-exchange variables and fluorescence variables, including photosynthetic rate, stomatal conductance, and transpiration using the LI-6400XT Portable Photosynthesis System installed with a pulse amplitude-modulated leaf chamber fluorometer (Li-Cor, Inc., Lincoln, NE, USA). The Dualex Scientific+TM (ForceA, France) was also used on each selected plant leaf to simultaneously obtain chlorophyll, flavonol, anthocyanin, and nitrogen balance indices. This instrument uses optical absorbance at 375 nm and transmittance at 3 wavelengths in the NIR to estimate chlorophyll, flavonol, and anthocyanin content. The Dualex Scientific+TM uses a chemical calibration to give chlorophyll values in µg/cm 2 , while flavonol and anthocyanin content are given in relative absorbance units. Both the LI-6400XT Portable Photosynthesis System and Dualex Scientific+TM measurements were taken simultaneously with the spectral samples in June, July, and August, however, the LI-6400XT measurements were not taken in September.
Pod and Seed Weight Data
Soybeans were hand-harvested on 2 October 2015, at the end of the growing season. Harvesting took place when the pods were dry on the plants and they were laid out to dry further at room temperature before weight measurements were taken. After pods were dried, pod weight for each plant of both genotypes was measured. Pods were then manually removed and seed weight for each plant was measured. Because pod and seed development takes place at different growing stages, this study investigates the relationship with each variable and visual damage scores individually [52] .
Statistical Analysis Using NDSI Spectral Correlation Mapping
In order to identify spectral wavelengths that could best indicate ozone damage to the plants, the NDSI was used (Equation (1)). The NDSI is defined as:
where R is the reflectance value and subscripts are wavelengths in nm. Reflectance data from the PSR+ 3500 were interpolated to produce reflectance values for all wavelengths between 350 and 2500 nm. All possible combinations of available wavelengths (i and j) were used for NDSI calculations for each plant species and genotype and linear relationships between visual scoring of chlorosis and necrosis and NDSIs were examined. Heat maps of the absolute value of the Pearson correlation coefficient (r) between visual score and NDSI were generated using data collected throughout the growing season as well as for data collected on individual days. The heat maps were produced using python packages. Correlation arrays were created using NumPy [53] and plotted with Matplotlib [54] . The trends in generated indices across the growing season were then compared to trends in photosynthetic rate and stomatal conductance for both soybean genotypes. Additionally, correlations between the newly generated indices and seed weight data were then compared to previously published indices from relevant literature. Reflectance values of the single wavelengths interpolated from the PSR+ 3500 measurements were averaged together for 3 and 9 nm bandwidths to produce new values representing the decreased spectral resolution. The average reflectance values for these bands were then used in NDSI to produce correlations between the visual scores and NDSI. This was done to consider application of this technique with lower spectral resolution tools. Figure 3 shows the average visual scores for each plant species and genotype on each date. The percentage of plant damage that corresponds to each score is also shown. There is a decrease in visual necrosis score for soybeans between July and August because plant scoring was changed from a specific leaf to the whole plant beginning on 18 August 2015. For milkweed, the previously scored leaf was lost prior to 18 August 2015, so a new leaf was chosen on that date. The ozone sensitive varieties of each genotype had a greater chlorosis and necrosis score for both soybeans and snap beans and separation between the average scores for each genotype increased over time. On 21 July 2018, all soybean plants sampled had a score of 3 or lower, but by 18 August 2015, scores ranged between a 1 and a 5 for the ozone-sensitive genotype of soybean and between a 1 and a 3 for the ozone-tolerant genotype.
Results
Plant Visual Scores and Seed/Pod Weight
Remote Sens. 2020, 19, x FOR PEER REVIEW 7 of 19 Figure 3 shows the average visual scores for each plant species and genotype on each date. The percentage of plant damage that corresponds to each score is also shown. There is a decrease in visual necrosis score for soybeans between July and August because plant scoring was changed from a specific leaf to the whole plant beginning on 18 August 2015. For milkweed, the previously scored leaf was lost prior to 18 August 2015, so a new leaf was chosen on that date. The ozone sensitive varieties of each genotype had a greater chlorosis and necrosis score for both soybeans and snap beans and separation between the average scores for each genotype increased over time. On 21 July 2018, all soybean plants sampled had a score of 3 or lower, but by 18 August 2015, scores ranged between a 1 and a 5 for the ozone-sensitive genotype of soybean and between a 1 and a 3 for the ozone-tolerant genotype. Seed and pod weight (g) for both soybean genotypes are shown in Figure 4 . The ozone-tolerant genotype, Pana, had a greater pod and seed weight at the end of the growing season, although differences were not found to be statistically significant.
Seed and pod weight (g) for both soybean genotypes are shown in Figure 4 . The ozone-tolerant genotype, Pana, had a greater pod and seed weight at the end of the growing season, although differences were not found to be statistically significant. The coefficient of determination between pod weight (g) and visual score was the highest for data collected on 18 August 2015, during the plants' reproductive growth stages. The coefficient of determination between pod weight (g) or seed weight (g) and chlorosis score was 0.60 and 0.52, respectively, in August and dropped to 0.37 and 0.28, respectively, in September. Chlorosis is more strongly correlated than necrosis with seed and pod weight. Results are shown in Table 2 . Table 2 . Coefficient of determination between chlorosis/necrosis score in August and September and pod/seed weight (g). P-values and mean absolute error (g) are also reported. Pod weight ranged between 20 and 336 g for all samples, while seed weight ranged between 15 and 235 g.
Chlorosis Score
Necrosis 
Plant Physiology and Visual Damage
When evaluating the relationship between Dualex-indicated chlorophyll index and chlorosis injury score on the last date for data collected in the growing season, the coefficient of determination between the two was determined to be 0.57. Results are shown in Figure 5 . More variability is seen when damage score is lower presumably because much of the leaf is undamaged, so depending on where the measurement takes place on the leaf, chlorophyll index will vary. The coefficient of determination between pod weight (g) and visual score was the highest for data collected on 18 August 2015, during the plants' reproductive growth stages. The coefficient of determination between pod weight (g) or seed weight (g) and chlorosis score was 0.60 and 0.52, respectively, in August and dropped to 0.37 and 0.28, respectively, in September. Chlorosis is more strongly correlated than necrosis with seed and pod weight. Results are shown in Table 2 . Table 2 . Coefficient of determination between chlorosis/necrosis score in August and September and pod/seed weight (g). P-values and mean absolute error (g) are also reported. Pod weight ranged between 20 and 336 g for all samples, while seed weight ranged between 15 and 235 g.
Chlorosis Score
Necrosis Score 
Plant Physiology and Visual Damage
When evaluating the relationship between Dualex-indicated chlorophyll index and chlorosis injury score on the last date for data collected in the growing season, the coefficient of determination between the two was determined to be 0.57. Results are shown in Figure 5 . More variability is seen when damage score is lower presumably because much of the leaf is undamaged, so depending on where the measurement takes place on the leaf, chlorophyll index will vary. Chlorosis visual score, particularly in August, also correlated well with photosynthetic rate, transpiration, and stomatal conductance ( Table 3) . Analysis of correlations between visual damage score and physiological variables on a particular date allows for a better comparison between the two variables than when analyzing the correlation between the variables across the entire growing season. In August, correlations between chlorosis visual score and all physiological variables were significant. Although correlations were weaker when examined across the entire growing season, correlations were still significant. 
Best Spectral Regions for NDSI Correlated with Visual Scores
Determination of the best wavelengths to use for NDSI was done using all samples collected throughout the growing season, and for individual months. NDSI using single wavelengths in the mid-500 nm range had the strongest correlations with chlorosis damage score ( Figure 6 ). For soybeans, 558 nm and 563 nm were identified as the wavelengths with the strongest correlation to chlorosis visual score across all observation dates (late June through early September) ( Table 4 ). The top wavelengths identified when only considering samples from mid-August, when visual scores ranged from 1-5, were 560 and 563 nm, similar to the most sensitive wavelengths when considering all observation dates (Table 4 ) (Figure 7) . Soybeans and common milkweed showed similar wavelengths for best use in NDSI, with higher coefficients of determination between NDSI and chlorosis visual scores than for necrosis visual scores. Magnitudes of the coefficient of determination were greatest for common milkweed among the species investigated and magnitudes increased for soybeans and milkweed when investigating Chlorosis visual score, particularly in August, also correlated well with photosynthetic rate, transpiration, and stomatal conductance ( Table 3) . Analysis of correlations between visual damage score and physiological variables on a particular date allows for a better comparison between the two variables than when analyzing the correlation between the variables across the entire growing season. In August, correlations between chlorosis visual score and all physiological variables were significant. Although correlations were weaker when examined across the entire growing season, correlations were still significant. 
Determination of the best wavelengths to use for NDSI was done using all samples collected throughout the growing season, and for individual months. NDSI using single wavelengths in the mid-500 nm range had the strongest correlations with chlorosis damage score ( Figure 6 ). For soybeans, 558 nm and 563 nm were identified as the wavelengths with the strongest correlation to chlorosis visual score across all observation dates (late June through early September) ( Table 4 ). The top wavelengths identified when only considering samples from mid-August, when visual scores ranged from 1-5, were 560 and 563 nm, similar to the most sensitive wavelengths when considering all observation dates (Table 4 ) (Figure 7) . Soybeans and common milkweed showed similar wavelengths for best use in NDSI, with higher coefficients of determination between NDSI and chlorosis visual scores than for necrosis visual scores. Magnitudes of the coefficient of determination were greatest for common milkweed among the species investigated and magnitudes increased for soybeans and milkweed when investigating data from the later growing season months. However, the coefficient of determination was lower for NDSI and chlorosis scores for the snap beans. Single wavelengths in the SWIR were identified as best for use in NDSI for snap beans as opposed to the single wavelengths in the visible, mid-500 nm range for soybeans and common milkweed.
For the 3 and 9 nm resolution bands, wavelengths in the mid to upper 500 nm range were identified as the best bands correlating to chlorosis visual score, however, when considering only spectral samples collected on individual days in August and September, longer wavelengths in the SWIR were identified as having the strongest correlation (Table 4 ). For both soybeans and snap beans, 2140-2180 nm and 2350-2380 nm were identified as areas that correlated well with both chlorosis and necrosis visual damage scores when used in NDSI. Additionally, wavelengths around 1900 nm were successful for use in NDSI when lower resolution bands were considered for soybeans and snap beans.
Correlations using NDSI and necrosis visual score were lower than when using chlorosis visual score for both milkweed and soybeans, presumably because damage scores were much lower for necrosis, so spots of dead tissue on the leaf were more isolated. However, wavelengths in the mid-900 nm range and 660-700 nm range, when used in NDSI, had the best correlations to necrosis visual score for both soybeans and snap beans ( data from the later growing season months. However, the coefficient of determination was lower for NDSI and chlorosis scores for the snap beans. Single wavelengths in the SWIR were identified as best for use in NDSI for snap beans as opposed to the single wavelengths in the visible, mid-500 nm range for soybeans and common milkweed. For the 3 and 9 nm resolution bands, wavelengths in the mid to upper 500 nm range were identified as the best bands correlating to chlorosis visual score, however, when considering only spectral samples collected on individual days in August and September, longer wavelengths in the SWIR were identified as having the strongest correlation (Table 4 ). For both soybeans and snap beans, 2140-2180 nm and 2350-2380 nm were identified as areas that correlated well with both chlorosis and necrosis visual damage scores when used in NDSI. Additionally, wavelengths around 1900 nm were successful for use in NDSI when lower resolution bands were considered for soybeans and snap beans.
Correlations using NDSI and necrosis visual score were lower than when using chlorosis visual score for both milkweed and soybeans, presumably because damage scores were much lower for necrosis, so spots of dead tissue on the leaf were more isolated. However, wavelengths in the mid-900 nm range and 660-700 nm range, when used in NDSI, had the best correlations to necrosis visual score for both soybeans and snap beans (Table 4 ).
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Trends in Generated Indices, Visual Score, and Plant Physiology
Trends in bands sensitive to visual score indicate a separation between the ozone sensitive and ozone tolerant genotypes of soybean after 28 July 2015 (Figure 8 ). Several well-established indices from relevant literature were examined for correlation with chlorosis and necrosis visual score. When using spectral samples across all dates, the photosynthetic reflective index (PRI), using 586 nm as a reference wavelength [55] , correlated best with chlorosis visual scores with a coefficient of determination of 0.56. Evaluation of the trends in this band, reveled separation between the two genotypes of soybean also after 28 July 2015. Average photosynthetic rate for ozone tolerant and Trends in bands sensitive to visual score indicate a separation between the ozone sensitive and ozone tolerant genotypes of soybean after 28 July 2015 (Figure 8 ). Several well-established indices from relevant literature were examined for correlation with chlorosis and necrosis visual score. When using spectral samples across all dates, the photosynthetic reflective index (PRI), using 586 nm as a reference wavelength [55] , correlated best with chlorosis visual scores with a coefficient of determination of 0.56. Evaluation of the trends in this band, reveled separation between the two genotypes of soybean also after 28 July 2015. Average photosynthetic rate for ozone tolerant and sensitive soybeans also switched between July and August for which genotype had a higher rate. In July, the ozone-sensitive variety had a higher average photosynthetic rate, however, the average photosynthetic rate for soybean tolerant plants was higher by 18 August 2015 ( Figure 9 ). Additionally, evaluation of trends in stomatal conductance revealed a switch between genotypes after late July. By 18 August 2015, stomatal conductance was higher for the ozone-tolerant variety of soybean ( Figure 9 ). However, mean differences between genotypes for both stomatal conductance and photosynthetic rate were not statistically significant in both July and August, so while there appears to be trends that support the increase of ozone damage in August, this cannot be confidently concluded with this dataset. sensitive soybeans also switched between July and August for which genotype had a higher rate. In July, the ozone-sensitive variety had a higher average photosynthetic rate, however, the average photosynthetic rate for soybean tolerant plants was higher by 18 August 2015 ( Figure 9 ). Additionally, evaluation of trends in stomatal conductance revealed a switch between genotypes after late July. By 18 August 2015, stomatal conductance was higher for the ozone-tolerant variety of soybean ( Figure 9 ). However, mean differences between genotypes for both stomatal conductance and photosynthetic rate were not statistically significant in both July and August, so while there appears to be trends that support the increase of ozone damage in August, this cannot be confidently concluded with this dataset. a.
b. 
Comparison of Generated Indices with Existing Indices for Seed/Pod Weight Correlation
Relevant indices from the literature were also evaluated for their correlation to chlorosis visual score in August as well as to pod and seed weight (g). August was selected for examination because visual score showed the highest correlation to seed and pod weight on that date. Results are summarized in Table 5 . NDSI in this study had higher coefficients of determination for chlorosis visual score, pod weight, and seed weight than other indices ( Table 5 ). Modified triangular vegetation index (MTVI) in August had the next highest coefficient of determination for visual score in August as well as for pod and seed weight (g). MTVI has been shown to be a good predictor of green leaf area index (LAI) [56] . Table 5 . Coefficients of determination for spectral indices in August and chlorosis visual score in August, pod weight (g), and seed weight (g). sensitive soybeans also switched between July and August for which genotype had a higher rate. In July, the ozone-sensitive variety had a higher average photosynthetic rate, however, the average photosynthetic rate for soybean tolerant plants was higher by 18 August 2015 ( Figure 9 ). Additionally, evaluation of trends in stomatal conductance revealed a switch between genotypes after late July. By 18 August 2015, stomatal conductance was higher for the ozone-tolerant variety of soybean ( Figure 9 ). However, mean differences between genotypes for both stomatal conductance and photosynthetic rate were not statistically significant in both July and August, so while there appears to be trends that support the increase of ozone damage in August, this cannot be confidently concluded with this dataset. a. b. 
Relevant indices from the literature were also evaluated for their correlation to chlorosis visual score in August as well as to pod and seed weight (g). August was selected for examination because visual score showed the highest correlation to seed and pod weight on that date. Results are summarized in Table 5 . NDSI in this study had higher coefficients of determination for chlorosis visual score, pod weight, and seed weight than other indices ( Table 5 ). Modified triangular vegetation index (MTVI) in August had the next highest coefficient of determination for visual score in August as well as for pod and seed weight (g). MTVI has been shown to be a good predictor of green leaf area index (LAI) [56] . Table 5 . Coefficients of determination for spectral indices in August and chlorosis visual score in August, pod weight (g), and seed weight (g). 
Relevant indices from the literature were also evaluated for their correlation to chlorosis visual score in August as well as to pod and seed weight (g). August was selected for examination because visual score showed the highest correlation to seed and pod weight on that date. Results are summarized in Table 5 . NDSI in this study had higher coefficients of determination for chlorosis visual score, pod weight, and seed weight than other indices ( Table 5 ). Modified triangular vegetation index (MTVI) in August had the next highest coefficient of determination for visual score in August as well as for pod and seed weight (g). MTVI has been shown to be a good predictor of green leaf area index (LAI) [56] . 
Discussion
A new metric for scoring soybean damage, based on techniques used for bio-indicator plants was developed. Average visual scores of ozone damage increased throughout the growing season for each type of plant, with the ozone sensitive variety of soybean and snap beans showing larger percentages of foliar damage. For soybeans, the damage scores best correlated to end-of-season pod and seed weight (g) when examined in August, during the reproductive growth stages of the plant. Visual damage scores in September did not correlate as strongly to seed and pod weight possibly because ozone damage occurred in some plants after pod and seed development, so these parts of the plant were not affected as much by the later ozone damage. Higher temporal resolution of data collection would allow for a more precise plant stage when visual ozone damage could best assist with yield prediction. Chlorosis damage score had a greater coefficient of determination than necrosis score for pod and seed weight. This was likely because larger areas of the leaf showed chlorosis damage, while foliar areas of necrosis were isolated. Additionally, visual damage scores on soybeans throughout the growing season showed correlations with r < -0.5 for photosynthetic rate, stomatal conductance and transpiration, variables that have been shown to be affected by ozone uptake in plants. This correlation was even stronger r < -0.6 when samples were analyzed from only the observation date in August when all other variables besides visual score of the leaves were held constant. This, along with the strong correlation in August to end-of-season seed and pod weight, give confidence to using this foliar visual scoring method to assess ozone damage on soybean plants.
When using visual damage scores to identify an NDSI best-correlated with chlorosis damage for plants and examining data across all dates throughout the growing season, single wavelengths in the mid-500 nm range worked best for both soybeans and common milkweed with specific wavelengths determined as most sensitive to chlorosis visual score when using an NDSI differing only slightly. Because chlorosis is visually seen as yellowing of the leaves, these wavelengths in the visible green-yellow range are expected, but this study identifies specific wavelengths for use in an NDSI and it is encouraging that analysis of both soybeans and common milkweed showed similar results. Although the best wavelengths identified for use in NDSI were similar for soybeans and common milkweed, the coefficient of determination was higher between NDSI and chlorosis damage scores for the common milkweed. This is possibly because it is a bioindicator plant and has a strong damage response to ambient ozone.
It is encouraging that similar wavelengths were identified as best for use in NDSI for soybeans when evaluating both the whole growing season and specific days in August and September. Evaluation of a specific day allows for only visual score to be different between the plants as all other variables are held constant. For snap beans, however, the coefficient of determination for NDSI and visual scoring was much lower than for the other two species. This is possibly because spectral observations only took place for two days for the snap beans and only in June and July, as opposed to the other plants that were observed through early September. Snap beans have a shorter growing season, so they reached senescence in July. This, along with the lower ozone levels in June and July possibly contributed to the lower coefficients of determination. Interestingly, the wavelengths identified as best for the snap beans for chlorosis, were similar to the lower resolution bands for the soybeans in August and September, closer to when the soybeans were at a similar growing stage to the snap beans in June and July. This is because the snap beans mature more quickly and were ready for harvest by late July.
Wavelengths in the VIS-red and NIR for use in NDSI were identified as most sensitive to necrosis damage for the plants investigated. Necrosis damage is reddish-brown in color and affects the foliar structure because of the dead tissue, so it is not surprising that wavelengths in these areas of the spectrum were identified as best for use in NDSI. When examining data from specific dates in August and September when more plants had larger areas of damage, longer wavelengths correlated best when lower-resolution (3 and 9 nm) bands were averaged for use in NDSI. Evaluation of lower resolution bands may be significant as satellite based remote sensing data have lower spectral resolution than the PSR+ 3500 (e.g., EnMap and HyspIRI) and these data may not be able to accurately distinguish between reflectivity from the specific identified wavelengths that are so close together (558, 563 nm). The average reflectance values from the 3 and 9 nm bandwidths that correlated well with visual score when used in an NDSI include the mid-2100 nm and mid-2300 nm ranges, and bands in the range of 1850-1950 nm. A previous study has also identified a wavelength in the mid-2300 nm range, specifically 2371 nm, as sensitive to ozone damage on soybeans [67] . SWIR reflectance has been shown to be related to lignin and cellulose content in plants, which becomes more apparent as liquid water content in the leaf decreases [73] . Studies have shown that ozone induces the biosynthesis of lignin, possibly a defense response against ozone [74] . Soybean leaves treated with ozone in field and greenhouse experiments have shown increased levels of acid-insoluble lignin although the methods used to indicate lignin content showed variable results [75] . Additionally, ozone exposure to poplar leaves led to a modification of cell wall composition that resulted in a higher lignin content [76] .
The newly developed NDSI that correlated best to visual scores of ozone damage in August also correlated best to end-of-season pod and seed weight (g) when compared against multiple relevant indices found in the literature. Because all other conditions were held constant at the garden and plants were scored by an expert at identifying ozone damage, differences in visual score for plants were likely due to ozone. The developed index may be useful in identifying ozone damaged-plants and helping to predict end-of-season yield for ozone sensitive crops. PRI with 586 nm used as a reference band, also had a strong correlation to visual ozone damage. This index has been used in the past to evaluate ozone damage on plants [15] [16] [17] [18] [19] [20] , so it encouraging that it correlated well with visual ozone damage in this study.
Trends in averages of the spectral indices identified as best correlators with ozone damage scores showed separation between the two soybean genotypes after late-July. This matches the surface ozone observations at this location as 8-h average ozone concentrations increased in August. Evaluations of this specific band may indicate when ozone levels have begun to impact biophysical properties of the plant and help identify more specific ozone thresholds for soybeans.
Future work will include testing this methodology across multiple growing seasons and increasing sample size along with temporal resolution. Additionally, investigation of remotely-sensed indices tied to ozone visual damage scores can be examined using canopy spectral data as opposed to leaf spectral data to allow for extension of this research to airborne remote sensing tools.
Conclusions
This paper evaluated the use of foliar visual scores of chlorosis and necrosis at classifying soybean ozone damage as well as identifying spectral wavelengths and bands for use in a NDSI that correlates well to the visual damage. These spectral areas may be indicative of ozone damage on plants. Major conclusions were as follows:
(1) A visual scoring system developed for bio-indicator plants was applied to soybeans to investigate the crop's ozone damage. Correlations between foliar damage scores and physiological plant properties along with end-of-season seed and pod weight indicate this method as having potential for an ozone damage metric in soybeans. (2) NDSI [R563, R558] was identified as having the strongest correlation with soybean ozone damage chlorosis visual scores. Similar wavelengths were identified for common milkweed (NDSI [R558, R554]) and when data was evaluated for only the month of August (NDSI [R563, R560]) when there was a large range in chlorosis visual scores. The newly identified NDSI most sensitive to visible scores in August also had the highest correlation with soybean seed and pod weight when compared to multiple relevant indices well-established in the literature. (3) When evaluating the spectral bands with 3 and 9 nm bandwidth for use in an NDSI, longer wavelengths in the SWIR correlated best to chlorosis visual scores for soybeans in August and September. These bands may also indicate ozone sensitivity in soybeans due to ozone-induced changes in foliar lignin content. (4) Trends in newly developed NDSI showed separation between the ozone tolerant and sensitive genotypes after the July observation date. This agreed with ozone 8-h average observations along with analysis of time spent above 40 ppb for thirty days prior to each observation date, indicating that ozone had a greater effect on the soybean plants after July.
